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Magnetically responsive particles and to their use in systems in which the separation of certain molecules from the sur- 
rounding medium is necessary or desirable are disclosed. The magnetically responsive particles consist of a metal, metal oxide or 
metal alloy core, coated with an organo-metallic polymer having attached thereto an organic functionality to which a variety of 
organic and/or biological molecules can be coupled. The particles can be dispersed in aqueous media without rapid gravitational 
settling and conveniently reclaimed from the media using a magnetic field. The magnetically responsive particles of the invention 
may be coupled to biological or organic molecules with affinity for, or the ability to absorb, or which interact with certain other 
biological or organic molecules. Particles so coupled may be used in a variety of in vitro or in vivo systems involving separations 
steps or the directed movement of coupled molecules to particular sites, including immunological assays, other biological assays, 
biochemical or enzymatic reactions, affinity chromatographic purification, cell sorting and diagnostic and therapeutic uses. 
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2E£A^2n^^X^LI;i^— ^^ATED_PARTICLES 
FOR_USE_IN_SEPARATIONS 

Descri£t i on 



Background of _ the Invention 

5 Magnetic separations in biological systems have been 

used as an alternative to gravitational or centrifugal 
separations . B . L . , Hirschbein , e t_al . , Chemtech , pp . 
172-179 (1982); M. Pourf arzaneh , The Li^and Quarterly , 
5X11:41-47 (1982); and P.J., and P., Dunhill, Enzyme 

10 Wicrob^Technol^ 2:2-10 (1980). There are several 

advantages to using magnetically separable particles as 
supports for biological molecules such as enzymes, 
antibodies and other bioaffinity adsorbents. For 
example ( when magnetic particles are used as solid phase 

15 supports in immobilized enzyme systems, the enzyme can be 
selectively recovered from the media, including media 
containing suspended solids, allowing recycling in enzyme 
reactors. P.J., Robinson, e t_a 1 . , B i o t e ch^_B i oenj^ , 
15:603-606 (1973). When used as solid supports in 

20 immunoassays or other competitive binding assays, 

magnetic particles permit the reaction to occur under 
homogeneous conditions, which promotes optimal binding 



0 



WO 91/09678 PCT/US90/07492 



-2- 



05 



10 



kinetics, minimally alters analyte- adsorbent equilibrium 
and facilitates separation of bound from unbound analyte, 
particularly as compared to centrifugation . 

Centrifugal separations are time-consuming, require 
expensive and energy- consuming equipment and pose radio- 
logical, biological and physical hazards. Magnetic 
separations are relatively rapid and easy, requiring 
simple equipment. The use of non-porous adsorbent- 
coupled magnetic particles in affinity chromatography 
systems allows better mass transfer and results in less 
fouling of the sample than in conventional affinity 
chromatography systems . 

The practical development of magnetic separations 
has been hindered by several critical properties of the 
15 magnetic particles developed thus far. For example, 

large magnetic particles (e.g., having a mean diameter in 
solution greater than 10 microns) respond to weak 
magnetic fields and magnetic field gradients; however, 
they tend to settle rapidly, limiting their usefulness 
20 for reactions requiring homogeneous conditions. Large 
particles also have a more limited surface area per 
weight than smaller particles, so that less material can 
be coupled to them. Examples of large particles are 
those described by Robinson e t_a 1 . , in B io t e clu_B i o eng^ , 
25 15:603-606 (1973), which are 50-125 microns in diameter;' 
particles described by Mosbach and Anderson in Nature, 
270:259-261 (1977), which are 60-140 microns in diameter 
and those described by Guesdon e t_a 1 . , in J^Allergy 
£ 1 1 mmuno 1^ , 61X12:23-27 (1978) which are 50-160 
2q microns in diameter. 
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Smaller magnetic particles have been described. For 
example, composite particles described by Hersh and 
Yaverbaum, in U.S. Patent No. 3,933,997, are ferromag- 
netic iron oxide (Fe^O^) carrier particles, which were 
05 reported to have diameters between 1.5 and 10 microns. 

However, based on the reported settling rate of 5 minutes 
and coupling capacity of only 12 milligrams of protein 
per gram of particles, the actual size of the particles 
in solution is expected to be substantially greater than 
10 10 microns. L.S. Hersh and S. Yaverbaum, Clin^_ChenK 
A£ta , 63:69-72 (1975). 

Small magnetic particles (e.g., having a mean 
diameter in solution less than about 0.03 microns) can be 
kept in solution by thermal agitation and do not tend to 
15 settle spontaneously. However, the magnetic field and 

magnetic field gradient required to remove such particles 
from solution are large and require heavy and bulky 
magnets for generating these fields, which are inconven- 
ient to use in bench top work. Magnets capable of 
20 generating magnetic fields in excess of 5000 Oersteds, 

for example, are typically required to separate magnetic 
particles of less than 0.03 microns in diameter. 

The ferromagnetic carrier particles must generally 
be coated in order to provide a reactive substrate for 
25 attaching chemical functional groups to bind enzymes or 
antibodies, for example. Silane polymers are often used 
for this purpose. Particles described in U.S. Patent No. 
3,933,997 are coated with silanes capable of reacting 
with anti-digoxin antibodies to chemically couple the 
3Q antibodies to the carrier particles. Various silane 
couplings are discussed in U.S. Patent No. 3,652,761, 
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which is hereby incorporated by reference. Procedures 
for silanization known in the art generally differ from 
each other in the media chosen for the polymerization of 
silane and its disposition on reactive surfaces. The 
medium is generally an organic solvent such as toluene 
(H.W., Weetall , In: Methods o f _Enzymo lo£v T K . Mosbach 
(ed), 44:134-148, 140 (1976)), methanol (U.S. Patent No. 
3,933,997) or chloroform (U.S. Patent No. 3,652,761). 
Silane depositions from aqueous alcohol and aqueous 
10 solutions with acid have also been used. H.W. Weetall, 
i!LL_We £ £ £ds _ i n_Enzy mo logy , s u£ r a , p. 139 (1976). 

There are several drawbacks to silane - coated parti- 
cles. For example, the dehydration methods used to dry 
the coatings, such as air and/or oven drying, allow the 
silanized surfaces of the carrier particles to contact 
each other, potentially resulting in interpar ticle 
bonding, including cross - linking between particles by 
siloxane formation, van der Waals interactions or phy- 
sical adhesion between adjacent particles. This inter- 
20 particle bonding yields covalently or physically bonded 

aggregates of silanized carrier particles of considerably 
larger diameter than individual carrier particles. Such 
aggregates have low surface area per unit weight and 
hence, a low capacity for coupling with molecules such as 
25 antibodies, antigens or enzymes. Such aggregates also 

have gravitational settling times which are too short for 
many applications . 

Magnetic particles capable of binding bioaffinity 
reagents are useful in separating desired biological 
30 components from a sample, for example, in radio- 
immunoassay. Radioimmunoassay (RIA) is a term used to 
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describe methods for analyzing the concentrations of 
substances involving a radioact ively labeled substance 
which binds to an antibody. The amount of radioactivity 
bound is altered by the presence of -an unlabeled test 

05 substance capable of binding to the same antibody. The 
unlabeled substance, if present, competes for binding 
sites with the labeled substance and thus decreases the 
amount of radioactivity bound to the antibody. The 
decrease in bound radioactivity can be correlated to the 

10 concentration of the unlabeled test substance by means of 
a standard curve. An essential step of RIA is the 
separation of bound and free label which must be accom- 
plished in order to quantitative the bound fraction . 

A variety of conventional separation approaches have 

15 been applied to RIA including coated tubes , particulate 
systems, and double antibody separation methods. , Coated 
tubes, such as described in U.S. Patent No, 3.646,346 
allow separation of bound and free label without cent - 
rifugation but suffer from two maj or disadvantages . 

20 First, the surface of the tube limits the amount of 

antibody that can be employed in the reaction. Second, 
the antibody is far removed (as much as 0.5 cm) from the 
antigen, slowing the reaction between the antibody, and 
antigen. G.M. Parsons , In: Methods in EnzymologY. J . F. 

25 Langone (ed), 73:225 (1981); P.N. Nayak, Tbe_Ligand 
2H£I1 ££lZ . ft lil : 3 ^ (1981). 

Antibodies have been attached to particulate systems 
to facilitate separations. U.S. Patent Nos . 3,652,761 
and 3,555,143. Such systems have large surface areas 

20 permitting nearly unlimited amounts of antibody to be 

used, but the particulates frequently settle during the 
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assay. The tube frequently must be agitated to achieve 
even partial homogeneity P.M. Jacobs, The L i^and 
Quarterly, 4^4^:23-33 (1981). Centrif ugat ion is still 
required to effect complete separation of bound and free 
05 label. 

Antibodies may react with labeled and unlabeled 
molecules followed by separation using a second antibody 
raised to the first antibody. The technique, termed the 
doubled antibody method, achieves homogeneity of antibody 

10 during reaction with label but requires an incubation 
period for reaction of first and second antibodies 
followed by a centrif ugation to pellet the antibodies. 

Antibodies have been attached to magnetic supports 
in an effort to eliminate the centrif ugation steps in 

15 radioimmunoassays for nortriptyline, methotrexate, 

digoxin, thyroxine and human placental lactogen. R.S. 
Kamel e t_a 1 . , Cliiu_Chem^, 2 5X122:19 9 7-2002 (1979); R.S. 
Kamel and J. Gardner, C 1 in_^_Ch em^Ac t a^ , 89:363-370 
(1978): U.S. Patent No., 3,933,997; C. Dawes and J. 

20 Gardener, C 1 in^__Ch enu_A c t s , 86:353-356 (1978); D.S. 

Ithakissios e t_a 1 . , C 1 in^_Ch em^_Ac t a^ , 84:69-84 (1978); 
D.S. Ithakissios and D.O. Kubiatowicz, C 1 in^Ch em_, , 
221111:2072.2079 (1977); and L. Nye et_al . , Clin^~ChenK 
A£ta^, 69:387-396 (1976), the teachings of the above are 

25 hereby incorporated by reference. Such methods suffer 
from large particle sizes (10-100 microns in diameter) 
and require agitation to keep the antibody dispersed 
during the assay. Since substantial separation occurs 
from spontaneous settling in the absence of a magnetic 

30 field these previous methods are in fact only magnet- 
ically assisted gravimetric separations. Davies and 
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Janata in U.S. Patent No. 4,177,253 employed magnetic 
materials such as hollow glass or polypropylene (4-10 
microns in diameter) with magnetic coatings (2 microns 10 
microns thick) covering a proportion of the particle 
05 surface . Ant ies tradiol antibodies were coupled to such 
particles and their potential usefulness in estradiol 
RIAs was demonstrated. While this approach may have over 
come the problem of settling, the particle size and the 
magnetic coating nonetheless present limitations on 
10 surface area and hence limitations on the availability of 
sites for antibody coupling. 

Magnetic separations have been applied in other 
biological systems besides R1A . Several nonisotopic 
immunoassays , such as fluoro immunoassays (FIA) and 
25 enzyme - immunoassays (EI A) have been developed which 

employ antibody- coupled (or antigen coupled) magnetic 
particles. The principle of competitive binding is the 
same in FIA and EIA as in RIA except that fluorophores 
and enzymes , respectively , are submitted for radioiso- 
2Q topes as label. By way of illustration, M. Pourfarzaneh 
e t_a 1 . , and R.S. Kamel e t_a 1 . , developed magnetizable 
solid-phase FIA's for Cortisol and phenyltoin, respec- 
tively , utilizing ferromagnetic cellulose/iron oxide 
particles to which antibodies were coupled by cyanogen 
bromide activation . M . Pourfarzaneh e t_al . , Clin^ Chem . , 
26X62:730-733 (1980); R.S. Kamel e t_a 1 . , C 1 iiK _Ch e nu , 
16i£l:1281-1284 (1980). 

A non- competitive solid phase sandwich technique EIA 
for the measurement of IgE was described by J.L. Guesdon 
e t_al . , in J ^_A 1 1 e r gy_ C 1 i I mm un o 1 ^ , 61X12 : 2 3 - 2 7 ( 1 9 7 8 ) . 
By this method, anti-IgE antibodies coupled by 
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glutaraldehyde activation to magnetic polyacrylamide 
agarose beads are incubated with a test sample containing 
IgE to allow binding. Bound IgE is quantitated by adding 
a second anti-IgE antibody labeled with either alkaline 
phosphatase or 0-galactosidase . The enzyme labeled 
second antibody complexes with IgE bound to the first 
antibody, forming the sandwich, and the particles are 
separated magnetically. Enzyme activity associated with 
the particles, which is proportional to bound IgE is then 
measured permitting IgE quantitation. 

A magnetizable solid phase non- immune radioassay for 
vitamin B12 has been reported by D.S. Ithakissios and 
D.O. Kubiatowicz Clin. Chem^. 23(11) ; 2072-2079 (1977). 
The principle of competitive binding in non- immune 
radioassays is the same as in RIA with both assays 
employing radioisotopic labels. However, while RIA is 
based on the binding or interaction of certain biomole- 
cules like vitamin B12 with specific or non-specific 
binding, carrier, or receptor proteins.. The magnetic 
20 particles of Ithakissios and Kubiatowicz were composed of 
barium ferrite particles embedded in a water- insoluble 
protein matrix. 

In addition to their use in the solid phase bio- 
logical assays just described, magnetic particles have 

25 been used for a variety of other biological purposes. 

For example, magnetic particles have been used in cell 
sorting systems to isolate select viruses, bacteria and 
other cells from mixed populations. U.S. Patent Nos., 
3,970,518; 4,230,685; and 4,267,234, the teachings of' 

30 which are hereby incorporated by reference. They have 
been used in affinity chromatography systems to 
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selectively isolate and purify molecules from solution 
and are particularly advantageous for purification from 
* colloidal suspensions. K. Mosbach and L. Anderson, 

Nature 170:259-261 (1977), hereby incorporated by 

05 reference. Magnetic particles have also been used as the 
solid phase support immobilized enzyme systems. Enzymes 
coupled to magnetic particles are contacted with 
substrates for a time sufficient to catalyze the bio- 
chemical reaction. Thereafter, the enzyme can be magne- 

10 tically separated from products and unreacted substrate 
and potentially can be reused. Magnetic particles have 
been used as supports for a-chymotrypsin, ft- galactosidase 
(U.S. Patent No. 4,152,210), hereby incorporated by 
reference) and glucose isomerase (U.S. Patent No. 

15 4,343,901, hereby incorporated by reference) in 
immobilized enzyme systems. 



Suramary__of _the_Inyent ion 

The present invention relates to magnetically 
responsive particles coated with an organo -me tallic 

20 polymer capable of binding bioaffinity adsorbents, and to 
their use in the separation of biological molecules from, 
or directed movement of the molecules in, the surrounding 
medium. The organo-metallic coating is adsorbed onto or 
covalently bound to the magnetic particle. Methods and 

25 compositions for preparing and using organo -me tallic 
coated magnetic particles are provided. 

The magnetic particles comprise a magnetically 
responsive metal, metal alloy, or metal oxide core 
surrounded by an or gano -me tall ic polymer coating which is 

30 adsorbed or covalently bound to the particle. The 
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organo -metallic polymer is formed from an or gano - me tall ic 
monomer, which is applied to the metal particle, and 
thermally cross-linked in situ to form an adsorbed or a 
covalently bound polymer coating. Organo - t itanium 
polymers are preferred, however, organo-metallic polymers 
formed from coordinate complexes of other transition 
metals, such as zirconium (Zr) , hafnium (Hf ) , vanadium 
(V), tantalum (Ta) and niobium (Nb) , or pos t - trans ition 
metals, such as tin (Sn) and antimony (Sb) , can be used. 
A wide variety of bioaffinity adsorbents can be cova- 
lently bonded to the organo-metallic polymer coating 
through selected coupling chemistries. 

More particularly, the invention relates to methods 
for the preparation of magnetically responsive particles 
15 comprising a metal, metal alloy or metal oxide core and 

an organo-metallic coating having an aliphatic moiety and 
an organic functionality to which a variety of organic 
and/or biological molecules can be coupled. The 
particles, coupled or uncoupled, can be dispersed in 
aqueous media forming a colloidal dispersion which is 
stable, that is, the particles resist rapid gravitational 
settling. The particles can be reclaimed from the media 
by applying a magnetic field. 

Preferably, the particles are superparamagnetic; 
that is, they exhibit no reminent magnetization after 
removal of a magnetic field which allows the particles to 
be redispersed without magnetic aggregate formation. 

The organo-metallic coated magnetically responsive 
particles of the invention may be coupled through the 
organic functionality to biological or organic molecules 
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with affinity for, or the ability to adsorb, or which 
interact with, certain other biological or organic 
molecules. Particles so coupled may be used in a variety 
of in_vi t r o or in_vivo systems involving separations 

05 steps or the directed movement of coupled molecules to 
particular sites , including immunological assays , other 
biological assays, biochemical or enzymatic reactions, 
affinity chromatographic purification, cell sorting and 
diagnostic and therapeutic uses . 

10 The present organo -me tall ic coated magnetic 

particles provide superior composition, size, surface 
area, coupling versatility, settling properties and 
magnetic behavior for use in biological separations. The 
magnetic particles of this invention are suitable for 

15 many of the assays, enzyme immobilization, cell sorting 
and affinity chromatography procedures reported in the 
literature and, in fact, overcome many of the problems 
associated with particle settling and reuse experienced 
in the past with such procedures. 

20 2^£ii£^_2£!iir ipt ion_o 

The magnetically responsive particles of this 
invention overcome problems associated with the size, 
surface area, gravitational settling rate and magnetic 
character of previously developed magnetic particles. 

25 Gravitational settling times in excess of about 24 hours 
can be achieved with the present magnetic particles. The 
gravitational settling time is defined to be the time for 
the turbidity of a dispersion of particles to fall by 
fifty percent in the absence of a magnetic field 

30 gradient. 
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The present magnetic particles comprise a core of a 
magnetically responsive metal, metal alloy or metal 
oxide, coated with organo-metallic polymer, which is 
capable of binding reactive groups or agents, for 
example, chemically reactive groups, biologically 
reactive groups or bioaffinity agents. The organo- 
metallic polymer is adsorbed onto or covalently bound to 
the magnetic particle. The term "magnetically responsive 
particle" or "magnetic particle" is defined as any 
10 particle dispersible or suspendible in aqueous media 

without significant gravitational settling, and separable 
from suspension by application of a magnetic field. 

The term "magnetic core" is defined as a crystal or 
group (or cluster) of crystals of a transition metal, 
15 alloy or magnetic metal oxide having ferrospinel 

structure and comprising trivalent and divalent cations 
of the same or different transition metals or magnetic 
metal crystal group. Metals, alloys and oxides which are 
useful as magnetic core material in the present invention 
20 include the metals, alloys and oxides based on metals 

which appear in the Periodic Table in Groups 4a and b, 5a 
and b, 6a and 7a. These include, for example, divalent 
transition metals, such as iron, magnesium, manganese, 
cobalt, nickel, zinc and copper, alloys of these metals 
25 such as iron alloys or oxides (e.g., iron magnesium 
oxide, iron manganese oxide, iron cobalt oxide, iron 
nickel oxide, iron zinc oxide and iron copper oxide), 
cobalt ferrite, samarium cobalt, barium ferrite, and 
alurainum-nickel-cobalt and metal oxides including 
30 ma S netite (Fe 3 0 4 ), hematite (Fe^) and chromium dioxide 
(Cr0 2 ). By way of illustration, a magnetic core may be 
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comprised of a cluster of superparamagnetic crystals of 
iron oxide, or a cluster of superparamagnetic or 
ferromagnetic crystals of irons or oxide, or may consist 
of an single superparamagnetic or ferromagnetic crystal 
of an iron oxide or metal alloy. 

The present particles are preferably between about 
0.003 and about 1.5 microns in diameter, and have a 
surface area of from about 50 to 150 meters/gm, which 
provides a high capacity for coupling of a bioaffinity 
adsorbent, chemical or biochemical reactive group 
Magnetic particles of this size range overcome the rapid 
settling problems of larger particles, but obviate the 
need for large magnets to generate the magnetic fields 
and magnetic field gradients required to separate smaller 
particles. For example, magnets used to effect 
separations of the magnetic particles of this invention 
need only generate magnetic fields between about 100 and 
about 1000 Oersteds. Such fields can be obtained with 
permanent magnets which are smaller than the container 
which holds the dispersion of magnetic particles and 
thus, are suitable for benchtop use. 

Particles with superparamagnetic behavior are 
preferred since superparamagnetic particles do not 
exhibit the magnetic aggregation associated with ferro- 
magnetic particles and permit redispersion and reuse 
The term "superparamagnetism" is defined as that magnetic 
behavior exhibited by iron, cobalt, nickel or other metal 
alloys or metal oxides having a crystal si 2e of less than 
about 300A, which behavior is characterized by 
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responsiveness to a magnetic field without reminant 
magnetization. 

Ferromagnetic particles may be useful in certain 
applications of the invention. The term -f erromagnetism" 
is defined as that magnetic behavior exhibited by iron, 
iron alloys or iron oxides with a crystal size greater' 
than about 500A, which behavior is characterized by 
responsiveness to a magnetic field with a reminant 
magnetization of greater than about 10 gauss upon removal 
of the magnetic field. 

The particles or crystals are then coated with an 
organo-metallic monomer material capable of adsorptive or 
covalently bonding to the magnetic particles. Organo- 
metallic monomers useful for the present coated particles 
15 are organic coordinate complexes of selected transition 
and/or post transition metals which are capable of 
forming a stable coordination coumpound, and organic 
ligands, which can be adsorbed onto or covalently bound 
to the magnetic particle and. crosslinked in situ on the 
particle surface, thereby forming the organo-metaUic 
polymer coating. The organo-metallic monomer must be 
able to be functionalized or derivatized in a manner that 
allows the polymer formed therefrom to form covalent 
bonds with bioaffinity or chemical affinity adsorbents 
For this purpose, the organo-metallic polymer is post- 
functionalized or derlvitized with an aliphatic "spacer 
arm" which Is terminated with an organic functional group 
capable of coupling with bioaffinity adsorbents. The 
"spacer arm" is an aliphatic hydrocarbon having from 
about 2 to about 60 atoms, e.g., car bon, nitrogen and/or 
oxygen atoms. The purpose of the spacer arm is to 
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provide a non-reactive linker (or spacer) between the 
organic group which reacts with the chemical group, 
biochemical group or bioaffinity adsorbent and the 
polymer chain, and to impart an appropriate degree of 
05 hydrophilic/hydrophobic balance to the surface of the 
coated particle. The organic group is generally a 
reactive group such as an amine (NH 2 ) , carboxyl group 
(COOH), cyanate (CN), phosphate (P0 3 H) , sulfate (S0 3 H), 
thiol (SH) r hydroxyl (OH) group, vinyl (C-C), nitrate 
10 ( N0 2^ f flld^yde, epoxide, succinamide or anhydride group 
coupled to an aliphatic or aromatic moiety. 

Particularly useful organo- metal lie compounds are 
coordinate complexes formed from selected trans it ion 
metals (e.g., Ti , Zr , Hf, V, Zn ( Cd, Mn, Te , Re, Ta, Nb) 
15 and/or post- transition metals (e.g., Sn, Sb, Al , Ga, In, 
Ge), Org ano - titanium compounds are particularly 
preferred. Organo-titanium compounds which are useful 
including , for example , titanium- tetr a- isopr op oxide , 
amino - he xyl - titanium- tri - isopr op oxide , amino -propyl - 
20 tita nium- tri- isopr opoxide and carboxyl -hexyl - titanium- 
tr i - isopropoxide . In one embodiment of the present 
invention, amino -hexyl - titanium- tri - is opr oxide is coated 
onto the magnetic particle of choice, and thermally 
crosslinked to form an organo-titanium polymer coating 
25 hav ing an aliphatic spacer arm (the hexyl moiety) and 
organic functional group (the amine group). 

The coated particle is pos t- f unc tionalized , if 
necessary, in a manner that allows the organo-metallic 
polymer to form covalent bonds with bioaffinity or 
3Q chemical affinity adsorbents. In one embodiment of the 
present method, an organo-titanium polymer, such as 
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titanium-tetra-isopropoxide which lacks the spacer arm 
and organic functional group, is coated onto the magnetic 
particle of choice and partly crosslinked at about 40°C 
for a period of time sufficient to allow the 
organotitanium polymer to become adsorbed onto the 
particle surface. The organotitanium coated magnetic 
particle is then activated by reaction with an agent such 
as l-hydroxy-6-amino hexane, to form the amino-hexyl- 
titanium-tri-isopropoxide. The coating is then 
10 crosslinked at elevated temperatures to form an 

organotitanium polymer coating having an aliphatic spacer 
arm and an organic functionality (i.e., the amine group). 
The functionalized particle can then be reacted or 
coupled, with the bioaffinity adsorbent of choice. 
15 The magnetic core particles are prepared according 

to the following general procedure: metal salts are 
precipitated in a base to form fine magnetic metal oxide 
crystals. The crystals are redispersed, then washed in 
water and in an electrolyte. Magnetic separation can be 
20 used to collect the crystals between washes if the 
crystals are superparamagnetic. 

In one embodiment of the present invention, super- 
paramagnetic iron oxide particles are made by precipita- 
tion of divalent (Fe 2+ ) and trivalent (Fe 3+ ) iron salts, 
25 for example, ferrous ammonium sulfate, Fe <NH )(S0 ) and 
ferric sulfate, Fe^SO^, in aqueous base. The ratio of 
Fe and Fe and counterion can be varied without 
substantial changes in the final product by increasing 
the amount of Fe + while maintaining a constant molar 
30 amount of iron. Counterions including nitrate, sulfate, 
chloride or hydroxide are useful in the method. A 
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„ 2+ ._ 3+ 

Fe /Fe ratio of about 2:1 to about 4:1 is useful in 
th-e present invention; a ratio of about 2:1 Fe 2+ :Fe 3+ is 
particularly useful. An Fe 2+ /Fe 3+ ratio of 1:1 produces 
magnetic particles of slightly inferior quality to those 
05 resulting from the higher Fe 2+ /Fe 3+ ratios, the particle 
size is more heterogeneous than that resulting from 
Fe + /Fe of 2:1 or 4:1. 

In this embodiment, aqueous solutions of the iron 
salts are mixed in a base, such as ammonium, sodium or 

10 potassium hydroxide, which results in the formation of a 
crystalline precipitate of superparamagnetic iron oxide. 
The precipitate is washed repeatedly with water by 
magnetically separating and redispersing it until a 
neutral pH is reached. The precipitate is then washed 

15 with about five equal portions of a water miscible 

solvent, such as acetone, methanol or ethanol that has 
been dried over molecular sieves to remove all of the 
water. 

The repeated use of magnetic fields to separate the 
20 iron oxide from suspension during the washing steps is 
facilitated by the superparamagnetic properties of the 
crystals. Regardless of how many times the particles are 
subjected to magnetic fields, they never become 
magnetically agglomerated and consequently, can be 
25 redispersed by mild agitation. Ferromagnetic particles 
cannot be prepared by this washing procedure as they tend 
to magnetically aggregate after exposure to magnetic 
fields and cannot be homogeneously redispersed. 

Other divalent transition metal salts such as 
30 magnesium, manganese, cobalt, nickel, zinc and copper 
salts may be substituted for iron salts in the 



WO 91/09678 



PCT/US90/07492 



-18- 



05 



10 



15 



precipitation or milling procure t0 yl . ld ^ 

or metal oxides. Fot exMplei „„„ 
d».l.« co.lt chloric (CoC1 , £ . r F . 61 ln the ab „ ve 
procedure produced ferromagnetic metal 0 xL particles 
Ferromagnetic metal oxide particles such as those 
produced with CoCl 2 can be washed in the absence of 
■ag.etic fields by employing conventions! techniques of 
centrifugation or filtration between washings to avoid 
». S net l21ng the partidee. As long as the renting 
£ ".magnetic metal oxides are of sufficiently small 
diameter to remain dispersed in a,„e.us media, they can 
also be coated with the org.no-met.Uic polymer and 

:::: \ " """^ •«■«».«. use m , y , tl! 

requiring a single magnetic separation, e.g. 
radioimmunoassays. P.rro.agnetlsm limits particle 
usefulness in those application. - , 

„ r «„„ PPlicati.ns requiring redlsp.rsion 



m.„.M " "'" >0dl " e " t ° f Present invention, the 

-gn tie cor, particles can be made by precipitating 

20 »..! Powders and reducing the particle site by , L 
he resulting precipitate, for example, i» . b aU mi 1 
In th». process, the metal powder is precipitated f 
aqueous solution of, f„ r example, Fe« o r Fa" , " " 
sodium borohydride. For ex.mol. " lth 

25 ferrous chloride (Feci ] T I " """° US ° £ 

(NaBH, ) to form a f n. 2 b °" h 7«ride 
i> term a fine iron precipitate. The resulting 

valence of the counter ion or iron metal salt selected 
Complete precipitation occurs spontaneously „p„„ 
, 0 borohydride addition t>, 0 ™ , 

The ma Snetic metal powder is th*n 
collected bv fiifrnh,-„ ^ then 

by filtration and washed with about five equal 
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volumes of water to remove all soluble salts, then washed 
with five equal volumes of dry in acetone to remove all 
residual water. The particle is added as an aqueous 
slurry in a concentration of about 1-25% to a commercial 
ball mill filled half way with 1/4"' stainless steel balls 
and milled for 3-30 days. At the completion of the 
milling period, a superparamagnetic metal slurry is 
formed and coated and f unctionalized as the 

superparamagnetic particles described in the previous 
10 section. 

In another embodiment of the present invention, the 
magnetic core particles are made by reacting a 
metallocene, e.g., particulate ferrocene 
(dicyclopentadenyliron, C 1() H 10 Fe) with iron (II) 
15 hydroxide. In this embodiment, an aqueous ferrocene (or 
other metallocene) slurry is prepared, and an aqueous 
slurry of Iron (II) hydroxide is prepared separately. 
The ferrocene slurry is prepared, for example, by milling 
a mixture of ferrocene and water in a ball mill. The 
20 iron (II) hydroxide slurry can be prepared, for example, 
by precipitating an aqueous solution of ferrous sulfate 
with ammonium hydroxide to form ferrous hydroxide. The 
two slurries are then combined and milled, for example, 
forming fine magnetite particles. Other metallocene 
25 compounds (e.g., nickelocene, cobaltocene) can be mixed 
with the ferrocene to produce various magnetic ferrite 
particles. This process is described in detail in 

co-pending U.S. patent application Serial No. 

[Attorney's Docket No. OQC90-02] by M.S. ChagnonT'f illd ' 
30 concurrently herewith, the teachings of which are hereby 
incorporated herein by reference. 
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In one embodiment of the present invention, the 
coating around the magnetic core particle is amino-pro- 
pyl-titanium-tri-isopropoxide. The polymerization is 
performed by redispersing the magnetic particle in an 
05 acetone solution, adding the organo- titanium monomer 

then crosslinking with heat. The terms "coupled magne- 
tically responsive particle- or -coupled magnetic 
particle- refer to any magnetic particle to which one or 
more types of bioaffinity adsorbents are coupled by 
10 covalent bonds, which covalent bonds may be amide, ester 
ether sulfonamide, disulfide, azo or other suitable 
organic linkages depending on the functionalities avail- 
able for bonding on both the coating of the magnetic 
particle and the bioaffinity adsorbents. 
15 Preferred magnetically responsive particles of the 

Present invention have metal oxide cores composed of 
clusters of superparamagnetic crystals affording 
efficient separation of the particles in low magnetic 
fields (100-1000 Oersteads) while maintaining super- 
20 Paramagnetic properties. Aggregation of particles is ■ 
controlled during particle synthesis to produce particles 
which are preferably small enough to avoid substantial 
gravitational settling over times sufficient to permit 
dispersions of the particles to be used in an intended 
25 biological assay or other application. The advantage of 
having superparamagnetic cores in magnetically responsive 
Particles is that such particles can be repeatedly 
exposed to magnetic fiel ds . Superparamagnetic particles 
do not exhibit reminent magnetization and have no 
3Q coercive strength, and, therefore, do not magnetically 
aggregate, thus, the particles can be redispersed and 
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reused. Even after coating, preferred particles of the 
invention having cores made up of clusters of crystals 
exhibit a remarkably high surface area per unit weight 
and a generally corresponding high coupling capacity,, 
which indicates that such particles have an open or 
porous structure. 

The bioaffinity adsorbents can be covalently bonded 
to the organo-metallic coated magnetic particles of this 
invention by conventional coupling chemistries. Several 
coupling reactions can be performed. For example: 

(a) If- the ligand to be coupled contains an amino 
group, it can be coupled directly to the activated 
organo-metallic polymer. If a different functionality is 
desired, it can be introduced, for example, by adding a 
15 spacer arm containing the functionality by sequential 

reaction of the organo-metallic polymer (e.g., titanium- 
tetra-isopropoxide) with any om ega -f unctlonal higher 
molecular weight alcohol. The amino group on the ligand 
can then be coupled to the free functional group on the 
20 spacer arm; or 

(b) If the ligand contains an aldehyde group 
instead of an amino group, it can be coupled directly to 
the free amino group of an amino alkane (that is an 
alkane spacer arm having an amino functionality )' on the 
25 coated magnetic particle. 

The term "bioaffinity adsorbent- is defined as any 
biological or other organic molecule capable of speci f lc 
or nonspecific binding or interaction with another 
biological molecule, which binding or interaction may be 
3Q referred to as - ligand/ligate - binding or interaction and 
is exemplified by, but not limited to, antibody/antigen 
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enzyme/substrate, carrier protein/sub- 
.««.. lectin/carb.hydrate, receptor/hormone, receptor/ 

" "*"""'™<"" "-dings or interactions 
The coupled organo-metallic coated magnetic 
articles , f the pre „ nt lnveiicIon cm ^ usea 

a".y. or other binding f „ the o£ 

IT^"«r r^ U "° n - »ay- is defined 

°" h ° d £ " ""sarin, the concentration or amount 
of « analyte in a solution base, on the immunological 

ant Tl " i """" < "' ° f » P»lyclonaZ or monoclonal 
antibody and an antigen, »hich method (a, requires a 

° £ b °» d f "» an.lyte ; ( b> employs a 

' ::; f t ; —.tic. che.UumLeLnt 

and/or unbound „. lyt .. and <c) may b . described as 

o" In L " y Pr °>""°" 1 » «» amount or analyte 

of bo" " k i0 '' " «»«ltl«- if the amount 

f bound measurable label t . g e „. r aii y airectly 

tion. Label may be in the antigen the a»t f h„„ 

antibody methods, the second Inci " LI 
assays are „.„«».. by, but are not limited " 
radioimmunoassays (MA) , im.unor.diom.tric assays (M|) 
fluoroxmmun.ass.ys ( PIA) . enzyme lamm> ' < ' 

sand „ich method immunoassays. Ih . analyte I h ' 
b ffinity adsorbent can include, for sample, .„ tl . 

b crate? 1 """ haP " n5 ' — S ' ™c 
"res b I, ' lnhiM " r8 ' "factors, nucleic 

acids, binding proteins, carrier proteins, compounds 
bound by binding proteins, compounds bound by carri r 
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12T' 1SCtinS ' Polysaccharides, 
rDO eS ' repressors and i„ ducers . 

Such assays are preferably carried out by mixins . 
-.pie containing an unknown concentration 7 V 
5 with a fc nn „„ c °ncentration of analyte 

ith a known amount of labeled analyte in 

-gnetic particles coupled to a bioaf fl PreS6nCe °* 

capable of binding to or i ! bioaf "-^y adsorbent 
um-K i * * interacting with, both 

unlabeled and labeled analyte a 7i * 

interaction to oee , alyte> all °»ing the binding or 

to occur, magnetically separating 
> Particles, measuring the amount of label 

tb. magnetic particles and comparing th aSS ° Ciated ^ 
to a standard curve to determine th °* -* b " 1 

analyte in the sample. concentration of 

The term "binding assay" or » non « 
defined as any method * non-i mmun e assay- is 

— .« „ :j;;::\x::;;r- :r,:r— - 

nonspecific binding or in, ? specific or 

-tigen binding or inl e a " " 

-bent and J,,/ * - 

-ethod (a) requires . ° rganiC molecu ^. which 

-alyte; b) 2 Z^Z^^ °* ^ 

enzvmaH ' P 7 a radi o"otopic, fluorometric 

enzymatic, chemiluminescent or other l.b.i 

-ans for measuring the bound and/or 1 " " ^ 

<«> may be described „ . abound analyte; and 

j ^escribed as "competitive" if t-h„ 
bound measurable label is general!. , ° f 
tional to the amount / ? Uy inv «sely propor . 

"non-compet ive : U £ i- solution or 

f Auxve if the amount of hm,«^ 

i. .«...», orlglnally in solut ; o f n bound ■•"-»"• 

The najneti,. »rji M .„ timc 

partic„l arly „ hei8 I 1 " d .7«.„. 

7 "deling is di,[„ ( . Ihe term 
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' iM0MllMd enz y ne system- is defined as any enzymati- 
cally catalyzed biochemical conversion or synthesis or 
degradation wherein the enzyme molecule or active site 
thereof is not freely soluble but is adsorptively or 
covalently bound to a solid phase support, which support 
is suspended in or contacted with the surrounding medium 
and which may be reclaimed or separated from said method 
In this embodiment, enzymatic reactions are carried out 
by dispersing enzyme - coupled magnetic particles in a 
reaction mixture containing one or more substrates, under 
conditions sufficient for the reaction between the enzyme 
and substrate to occur, magnetically separating the . 
enzyme-magnetic particle from the reaction mixture 
containing products and unreacted substrates and if 
15 desired, redispersing the particles in fresh substrates 
thereby reusing the enzyme. 

* 

Affinity chromatography separations and cell sorting 
can be performed using the magnetic particles of this 
invention. The term "affinity chromatography" is defined 

20 as a method for separating i fi ni a n„„ 

y ingl isolating, and/or purifying a 

selected molecule from its surrounding medium on the 
basis of its binding or interaction with a bioaffinity 
adsorbent adsorptively or covalently bound to a solid 
Phase support, which support is suspended in or contacted 

25 with the surrounding medium and which may be reclaimed or 
separated from said medium by dispersing bioaffinity 
adsorbent coupled magnetic particles in solutions or 
suspensions containing molecules or cells to be isolated 
and/or purified, allowing the bioaffinity adsorbent and 

30 the desired molecules or cells to interact, magnetically 
separating the particles from the solutions or suspension 
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and recovering the Isolated molecules or cells f rom the 
magnetic particles. 

It is further contemplated that the organo-metallic 
coated magnetic particles of this invention can be used 
05 in in_vivo systems for the diagnostic localization of 

cells or tissues recognized by the particular bioaffinity 
adsorbent coupled to the particle and also for magneti- 
cally directs delivery of therapeutic agents co.pled to 
the particles to pathological sites. 
10 Magnetic separation times of less than about ten 

ainutes can be achieved with magnetic particles of the 
.nvention « r ntaCting a — 1 containing a dispersion 
of the particles with a pole face of a permanent magnet 
no larger in volume than the volume of the vessel 
15 Magnetic separation time is defined to be the time for 
the turb.dity of the dispersion to fall by 95 percent 
Furthermore, the use of f unctionali 2e d organo- 

I ] 1 " POl r rS " ""^S ™nding th. metal 

oxxde core of the magnetic particles described herein 
20 «fc. possible the coupling of a wide variety of molecules 

under an e.ually wide variety of coupling conditions 
om p red to _ ^ 

art with more lifted coupling functionalities 

25 ing E ;:: P ;:r ion is further iu ™ ed by 

EXAMPLES 

200 grams (1.58 moles) of ferrous rM. , 
_ y ferrous chloride (VWR 

..!««!«., 3 2 5 6 „ ms (2 . 0 Bol .., >f ferric e ( hi ^ tde 
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were dissolved in 3 liters of water. 2000 grams of 
ammonium hydroxide (VWR Scientific) concentrate were 
added at a rate of 50 ml/minute under constant agitation 
during which time the temperature of the solution was ' 
kept between 25 and 40«C. After the addition of the 

ammonium hydroxide was complete th« nB „ 

pj - eT:e ' tlle magnetic particle 
(Fe 3 0 4 ) aqueous slurry was allowed to cool to room 
temperature . 

ExampJLe.! : iL-R^^to^^^^^^^^ _ 

0.1 moles of titanium-tri-isopropoxide (Tyzor TPT 
Dupont, Wilmington, DE) and 0.1 moles of 6-amino-l- 
hexanol were added to a 50 ml heaker and stirr ed at room 
temperature f or i ninut:e t0 f Q 

, , 1 nole of amino-hexvl- 

««.l-.«rt.l..,r^„i 4 .. The reactlon , 

alcohol formed during the reaction. 

The ....,1.1 „ as coolaa t0 
a a .oncer in making the tleillM „ ga „ o . 

metallic coating in Example #3. 

ExamEle.! : PJSEiratloj^^ . 

titanate_Coated_Ma £ netic Particle 
According to the procedure set Iu7in~Example 1 4 
moles Feci, and 2 moles of F*n „ 

distni . 3 „ ° f FeC1 2 were dissolved in 4 L of 

distilled water and precipitated with 16 moles of 

ammonium hydroxide. The precipitate was washed 5 times 
with water and 3 times with acetone. N.N-dimethy! 
formamide (DMF) was added to the precipitate in L 
following ratio: 10 ml of DMF per gram of Fe_0, . The 
mature was loaded into a Eiger Mill and alll J d 4 
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continuously for 10 minutes. The fixture w as then 
transferred to a beaker and heated with stirring for 30 
Minutes at 100-C. The amine functional organo - titanate 
prepared in Example 2 was immediately added after 
preparation with constant stirring to the mixture in a 
ratio of 1 g dry Fe 3 < V p e r 3 g of amine functional 
organo- titanate . 

This mixture was then heated with stirring for 20 
Minutes at 65'C and then passed through the Eiger Mill 
for two passes. The resulting material was washed five 
time S with water, the coated particles were collected 
with an external magnetic field of 2000 gauss and the 
aqueous waste was decanted. 
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ExaiB^l e_4 : Preparation of An Al 

n 2_Aiternatiri£_Funct ional_-Non 

£Hnctional_Organo.J^anaje_Monomer ~ 
exc ' h !/ r ° CedUre d -«ibed in Example 2 ^"followed 
except that the organo- titanate was reacted with a 
comixture of amino - functional hexanol and hexanol to 
produce a monomer havine red,,,.^ 

u , ng reduced amine functionality 

Hexanol and 6 - amino - 1 .h.„„„i , 

X hexanol in a molar ratio of 6-1 
were mixed in a 50 ml beaker f nr . , 

r for one minute. Tyzor TPT 

to evaporate th . lsopropyl alcohol ptoducea . 

t». „. =„l ti t „ «.„„«„.. Ihe resu 

compound was an orianotitanat. e . , 

tri t notltanata, 6-.aino-h.xyl. titanium- 

tri-isopropoxide having alternating non-function.l hexvl 
.»-,. that is. hexyl ch ai„ s i aekln g th . a „ In „ " l 
T»a .eight ratios o £ 6-a.ino- 1 -hexano! : T y ,o t W. k .*Ll 
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were 1:26*9 tui 

This compound was used as a m nr,„ 
make an oreano , monomer to 

^ -gano-txtanium coat . ng as described ^ Exampie 

- 5S£1 — : ^^-^^.F^txonal Or £ ano. 

titanate^afineti^particles ~ 

-.pr: k :nriv"; riw *» ^ » «. «.u».. 

P Cllat the a »ine- functional oreano 
-en.! pr . pirea ln «•« •■««.»«. was th . 

Particles and organo.tiJL ° f ""a""" 

for o„o hour "° n< "'" to 95 -c 

ur with constant aclrring «„d mtll.d »„ 
"gar Mm tcx 4 » ln „ Ces t,,. , »Hlod l„ an 

0.5 »... of adipio " ! ln »• »«o of 

0» »1. of MIb *" " T "° le ° f '"^ P«ticlea. 

1 ca rDodIimide (CDI) Was a * AaA 

was mixed for 30 minut* ' " d the fflixtu " 

.*« , minutes on a ball mill l s 

diamine was added in the r.tM„ * „ hexane- 

hexane- diamine per mo 1 0 a l °* ^ 

"I was added and the 111^ ^7 ^' ^ ° f 

urewfl S mixed fr.*-*ar. m 

^e resulting material was washed f ive tl l '° » " 

particles were collected usin* ""^ 

field of 2000 gauss and the " 6Xternal ° aSnetiC 

6 and the aqueous waste was decanted. 

Particles 

i>2-Eeacti £ n_of Particulate F«rr n 

T , , " --HiiLc e _£^e r r o c e n e and 

il£BiIIl_H2droxide ~ 

A 100 g of a slurry clntainin* 20* 

:::: "L'vr - p — * - 

wxrn the water. The sin 
commercial ball mill The mill t0 3 

S tainl« e . , fiUed ^Ifway with 

stainless steel balls and the si,,.. 

fte slur ry was milled for a 
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period of 2 hours. 

A second ferrous hydroxide slurry (iron (II) 
hydroxide) was made according to the following procedure. 
An aqueous solution containing 20g of ferrous sulfate 

05 (VWR Scientific) was precipitated using 50g of ammonium 
hydroxide concentrate to form gelatinous ferrous 
hydroxide. The gel was filtered and the filtrate washed 
with 5 to lOOg volumes of water. The washed gel was then 
made into a 10% aqueous slurry and milled as previously 

10 described for 5 hours. 

The ferrocene and hydroxide slurries were mixed, and 
the mixture was milled for one day to form fine F&^O^ 
particles. The particles were about 100 A in diameter 
and were responsive to a magnetic field. These particles 

15 can be coated as described in Examples 2-5 above. 

Ex am£l e_7 : Preparation of Subdomain Nickel ^Ferrite 

Particles 

Subdomain nickel- f err ite particles were prepared 
according to the procedure set out in Example 6, except 

20 that a mixture of 50g a 20% nickelocene slurry 
(dicyclopentadenylnickel ; Strem Chemical Co., 
Newburyport, MA) and 50g of a 20% ferrocene slurry were 
used in lieu of the lOOg of the ferrocene slurry in 
Example 6. Magnetically responsive nickel-f erri te 

25 particles having a particle size of about 100 A were 
produced by this method. 

Exampl e_8 : £££££££ £ i on_ Sub dom a 1. n_C ob a l£^F e r r _i t e 

Particles 

Subdomain cobal t- f err i te particles were prepared 
30 according to the procedure set out in Example 6, except 
that a mixture of 50g of a 20% (by vt.) cobaltocene 
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slurry <dicyclop en tadenylcobalt . Sfcr „ u 

«•* i- iie U of 100g of 

«. H agnetically responsive * - - r y la Example 

> having a particle size 10Q A 6rrite Particl6S 

this method. A Were Produced by 

Exam £ le_9 : Preparation of - 4 

— --xii- £ £_ S ub d o m a i n Metal , 

Beduction_b v _Mi Uing 

200 gm (1.58 moles) of t 

dissolved in 1 liter .I' ° f ferr ° US Chl ""e was 
■l . -"-iter of water. 500 Em 

borohydride were added to the solutio n t 

iron powder precipitate The * " Be 

vater and collected by f ii*/..?" 01 ^" - *" Washed wi <* 

res ^Pended in water and re f'ilJ f powder 
Procedure was done 4 additional tl! ^ 
suspension, the slurry „„ ~ ^ the 

20% and . llled as des " ed ^ 8 — trate 0 f 

7s a "scribed i n Example 6 

7 l ^ C ° P rod «ce particles with a . * ° f 

than 50 A. th 3 nean diameter of i ess 

Equivalents 

H>°« skilled i„ the „ c 
» "certain, by no „ r . th .„ ' or be ab!e 

invention eesctibe. herein " ueh e ° b °" ae °" ° £ «» 

*««-.« « be « M .. PM «;;; ;::r Un " «• 

y tne following Claims. 
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CLAIMS 



A coated magnetically responsive particle 

comprising: 

a) a magnetic core particle comprising a 
magnetically, responsive metal, metal alloy er 
metal oxide; and 

b) an organo-metallic pol yi „ er coating covalentl 
bonded to or adsorbed onto said particle 
wherein the organo-metallic P oly mer coating i s 

capable of bindine at l„x,„- 

in B at least one type of 

bioaffinity adsorbent. 

A coated magnetically responsive particle of Claim 
1, w e rein fflagnetlc particie 

■•t.l. metal alloy or metal oxide selected from the 
• r-«P co nsisting of iron> mflgnetite> £ 

oxide, iron manganese oxide, iron cobalt oxide iron 
nickel oxide, iron zi„ c oxide and iro 

Qe and ir °n copper oxide. 

A coated magnetically responsive particle of Claim 2 

wherein the magnetic core particl. i 

particle is magnetite. 

a .....a resp „ nsive partIcle 

7 ! " "« tBl ' *«- •*.«« 0.003 to , b t 

1.5 microns in diameter. 

A coated magnetically responsive particle of Claim 1 

wherein the organo-metain „ « i 

gano metallic polymer is formed from 
~ rs which are coordinate conpiexes ■ 

ligands and a metal selected from the group 
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consisting 0 f- hi-^,- 

A coated magnetically responsive partial * 
I 6 "" — o-metall ic pol J ' " ^ * 

°rgano-titanium polymer selected » 

con Sisting of: titanium- tetra- iso"! th ' 
*»ino-bexyl-tlt«n* °Propoxide , 

xyl titanium-triisopropoxide 
amino-pro P yi- titani * 

ne X yl. tltanium triisopropoxide . 
A coated magnetically r*c«„ , 

*•«!» the or„ no . t LI , ?artI<:U ° f ' 

sano titanium polymer * e « - 

tltaniu m -tri- isopropoxide ^ is «"«o-h.xyl- 

A coated magnetically re SD o« c ,- 

A coated M6 „ etlcally rMp 

comprising: particle 

a) a magnetic core D H r<-^i 

Cle com Prising a 
magnetically ta^,. • S 
aj.xy responsive metal i 

metal oxide; tal allo y " 

b > an organo-titanium pol ymer COa ,. 

covalently bonded J wh ^h is 

P«tlcl.. said organc ti! ^ ^ 

25 organic functional 1 h -*»« 

* oioaff inity . rb e p : 0 rr ched «- 

«• organic functio . J* ^ — < t. 
coating. groups of the polymer 
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11. A coated magnetically responsive particle of Clain, 
10, wherein the magnetic core particle is metal 
metal alloy or metal oxide selected from the group 
consisting of: iron , magnetite> iron magnesium 
oxide, iron manganese oxide, iron cobalt oxide, iron 
nickel oxide, iron zinc oxide and iron copper oxide. 

12- A coated magnetically responsive particle of Claim 
U wherein the magnetic core comprises magnetite. 

13. A coated magnetically responsive particle of Clai m 
10 wherein the organo - titanium polymer coating is 
amino.hexyl-titani um . t ri.i sopropoxide> 

14. A co ated magnetically responsive particle of Cla im 
10 wherein the bioaffinity adsorbent is selected 
from the group consisting of: antibodies, antigens 
enzymes and specific binding proteins. 

15 " loTt r SnetiCally -P-ive particle of Claim 
10 which is superparamagnetic. 

16. A coated magnetically responsive particle of-Clai* 
10 wherein the organic functional groups are 
selected from the group consisting of: anino 
carboxyl, hydroxyl , sulfate nh nc ^ 

... - 3 ' suirace . phosphate, cyanate and 

thiol groups. 



15 



17. A coated magnetically responsive particle of Claim 
10 having a mean diameter of from about 0.003 to 
" about 1.5 microns. 
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A magnetically responsive parties 
'^paramagnetic metal ox a - 1 -Pr-ing a 

:rr — polymer to : i :;- i= - » - 

oxide core co mprisin6 a crystal, * 

oxide. a „ d the particle / cr 7"*l- of metal 

about 0 003 to \ S " meSn diaBet » of 

-° 03 t0 abou t 1.5 microns. 

A method of measuring anal ytes in a samnl 
comprising the steps of: " PU 

*' contacting a sample contain 

containing an unknown 

concentration of nh B „ i 

" or Cn e analyte witi, = r. 

amount of a l a fc»i T1 ° Wn 

labeled analvte «-v 

magnetic partial.. Presence of 

e *c particles comprising: 

(i) a magnetic core parties 

comprising a 

magnetically rest>«T.e«, 

7 res Ponsive metal, metal a li nv 
or metal oxide; and V 

<») an organo-metallic polymer coating 

covalently bonded to or «Hc v 

parti n adsorbed onto said 

Particle, wherein sairi «^ 

n said organo-metallic 

co„p Ua theret0i 

»»«.« to or Xnt.r.cting „ tth both " 
»l.».l.d a nd tbe labeled " 

-"ntalning th. „l« ttIe obta . . . * 
»-r conditions sufficie ' ta ' ned " <»> 
i-t.. U «l., t0 occur " *" b1 """* or 

magnetically separating th. ■ 

and 6 the "^""U particles; 

».asuri„g th. amount of labe l . 

- -m-.u h-uu. :: t :;:;;r: h i ith 

concentration of analyte i n the 8 ^ 

^«- e in the sample. 
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>• A method of Claim 19 wherein the analyte is selected 
from the group consisting of: antibodies, antigens 
^Ptens, enzymes, apoenzyaes, en 2 ymatic substrates ' 
erratic inhibitors, cof actors, nucleic acids, ' 
binding proteins, carrier proteins, compounds bound 
by binding proteins, compounds bound by carrier 
Proteins, le ctins , monosaccharides, polysaccharides 
hormones, receptors, repressors and inducers. 

• A method of Claim 19 wherein the magnetic core 
particle comprises a metal, metal alloy or metal 
oxxde selected from the group consisting of: iron 

magnetite, iron magnesium oxide iron m 

• «xiae, iron manganese 

oxide, iron, cobalt oxide i , 

xi. oxiae, iron nickel oxide, iron 

zinc oxide and iron copper oxide. 

A method of Claim 21 whers-fr, «.v 

* L herein the magnetic core 
particle has a particle h,. * 

a ^ . •, c P arc ^le size of from about 0.003 to 

about 1.5 microns in diameter. 

A method of Claim 19 wherein 

„ , wnerein the organo-metallic 

Polymer c. etln! ls fornea £rom Bonomers KMch 

selected from the group =o»a istl n 6 of: . tlt 

zirconium, hafnium, vanadium tant.l„» . v, 

and antimony. "»<»>1™. «n 

A method of Claim 23 herein the organcmetaUic 
Polymer 1. an organo- titanium p„l yme r .elected from 
the group con.isting of: titanium- tetra- 

isoprcpoxide, amino-hexyl. titanium triisopropoxlde 
a.i„o- pr0 p vl . tItaniun lsopropoxlde I ■ 

nexyl-titanlum triisopropoxlde . 
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"-'A »ethod of ci.1. „ „„. rel „ the „. g „ ticil 
responsive particle is su perpatanagnetIc 

A ..«,.* D£ Cle tm „ vh „ el „ the bl .. f 

""'"^ •»»«•«. epoe» 2yn es 
enzymatic substratee . ' 

uostrates, enzymatic inhibitors 
-fa torSf nucleic b . 

el?:* r pounds bound by Mndi ^ »*•<•*»-. 

compounds bound by carrier proteins i ae n 
10 monosaccharide* , " S ' le ctins, 

saccharides, polysaccharides, hormones, 
receptors, repressors and inducers. 

27. A method of Claim 19 wher^r, , . 

«.r k .d with . libel f is 

1 selected from the group 
consisting „ f: r.dioi.otopes , 
«»po»nds. en , Tm „ , od ch . mllualnescent 
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